tem is more effective if tillage and planting are performed along the contour. Schwab et al. (1993) Schmitt et al. (1999) total N losses 2 yr after grass and tree establishment compared with a control watershed. The grass and agroforestry strips reduced runoff, total P and total N, al-
fects of grass and agroforestry contour buffer strips on tential water storage by 0.90 cm and 1.1 cm per 30-cm depth compared runoff, sediment, and nutrient losses on a claypan soil with the row crop treatment. Although the claypan horizon will domi- (Udawatta et al., 2002) . They found that these buffers nate the surface hydrology, buffers may provide some benefit by rereduced surface water runoff, sediment, total P, and ducing runoff from row crop management.
total N losses 2 yr after grass and tree establishment compared with a control watershed. The grass and agroforestry strips reduced runoff, total P and total N, al-E xcessive surface water runoff is a principal cause though the agroforestry buffer strips failed to signifiof erosion and nonpoint-source pollution. Land cantly reduce sedimentation. Grass and agroforestry with steep slopes under row crop management has been strips reduced water runoff by about 9%. managed with terraces and surface water drainage sysSoil properties are very important in selecting soil tems to protect soil from erosion (Schwab et al., 1993) . conservation systems. Soil type and texture greatly influHowever, construction of terraces and drains is expenence soil water movement and storage (Klute and Dirksive and only economical for higher-value crops (Counsen, 1986) . Claypan soils have a shallow topsoil layer, tryman and Murrow, 2000) .
usually a silt loam texture, with sufficient water transmisContour strip cropping has been identified as a cropsion pores. However, this surface horizon is underlain by ping system that reduces runoff velocity and soil loss a high clay content subsoil horizon (Blanco-Canqui et al., (Martin et al., 1976; Schwab et al., 1993) . Strip cropping 2002; Crockroft and Olsson, 1997; Motavalli et al., 2003 ; uses strips of row crops having a wide row spacing alter- Wang et al., 2003) which inhibits downward water movenating with crops having a narrow row spacing. This sysment and enhances surface water, nutrient (Blevins et al., 1996; Kelly and Pomes, 1998) , and herbicide (Blanchard Tshepiso Seobi, North West Provincial Dep. of Agriculture, Soil Sci- and Donald, 1997) runoff. Blanco-Canqui et al. (2002) ence Section, Private Bag X804, Botha Street, Potchefstroom, South studied K sat throughout the profile of a claypan soil. They (Fig. 1) . The agroforestry buffer strips are composed of grasses, legumes, and trees which were established in 1997. The grasslegume combination planted throughout the buffer strips included redtop, brome grass (Bromus spp.), and birdsfoot trefoil. Pin oak, swamp white oak, and bur oak trees were planted in the center of the buffer strips at 3-m spacing. Trees were planted in a 75-cm-deep hole created by a 45-cm-diam. auger. The holes were back filled with loosened soil corresponding to appropriate horizons to establish a suitable planting location.
The treatments for this study included the row crop area and two locations within the contour buffer. The two treatments within the contour buffer are referred to as the grass buffer treatment, which was in the grass-legume areas 150 cm distant from trees, and the agroforestry buffer treatment, which was 20 cm distant from a pin oak tree trunk in undisturbed soil (diameters of tree trunks were about 6 cm).
The soils in the agroforestry watershed were mapped as Putnam silt loam and Kilwinning silt loam (fine, smectitic, mesic Vertic Epiaqaulf). The soils have a drainage restrictive B horizon (claypan) at variable depths between 4 and 37 cm (Udawatta et al., 2002) . Restrictive claypans produce surface runoff during high rainfall periods in combination with periods of exchange capacity, organic C, and water pH (pH w ) data for the upper soil horizons of the agroforestry watershed are presented in Table 1 . In the study area, the claypan on the average hydraulic properties for a claypan soil at a watershed occurred at about the 38 cm depth. study site in northeastern Missouri (Udawatta et al., 2002) . The objective of the study was to measure and comSampling Procedures pare soil water retention, pore-size distributions, bulk Undisturbed soil cores, 7.6 cm in diam. and 7.6 cm in length, density, and K sat for grass buffer, agroforestry buffer, and were taken to determine soil water retention, bulk density, row crop treatments. Fig. 1) .
MATERIALS AND METHODS

treatments (
Soils from the second and the third contour buffer strips
Experimental Site
counting from the southern edge of the watershed were sampled for the agroforestry and grass buffer treatments. For the The experimental watershed used for this study is located at the Greenley Memorial Research Center near Novelty, MO agroforestry buffer treatment, soils were sampled 20 cm from six pin oak trees (three trees each from the second and third (Fig. 1) . The study site was located in a north-facing watershed that was demarcated in early 1991. The watershed was under buffers). For the grass buffer treatment, samples were taken midway between two trees (1.5 m from trees). Six replicate a corn-soybean rotation, with no-till land preparation and contour planting (Udawatta et al., 2002) . The average soybean and locations were chosen with three in the second buffer and three in the third buffer. For the row crop treatment, three corn yields from 1992 through 2000 were 2.755 Mg ha Ϫ1 (1.680-3.699 Mg ha Ϫ1 ) and 8.500 Mg ha Ϫ1 (5.017-10.660 Mg ha Ϫ1 ), samples were taken midway between the second and third buffers (18 m from buffers) with three additional samples measured due to the systematic arrangement of treatments. taken midway between the third and fourth buffers. Cores Analysis of variance was further conducted with SAS using were taken from four depths: 0 to 10, 10 to 20, 20 to 30, and the GLM procedure when variances within treatments were 30 to 40 cm. Each core was trimmed, sealed in a plastic bag, homogeneous (SAS Institute, 1999) . Data for all properties had transported to the laboratory, and stored at 4ЊC before meahomogeneous variances. Contrasts between treatments were surements were conducted. also determined; these were divided into row crop vs. others and grass buffer vs. agroforestry buffer. Least significant differ-
Laboratory Analyses
ences (Duncan's LSD) were calculated to find significant differences between treatments at each soil depth. An estimate Cores were removed from cold storage, covered with for the LSD between treatments at the same depth or different cheese-cloth at the bottom, and then saturated in tubs with depths was obtained using the Mixed procedure in SAS. The water before K sat and water retention were measured. The K sat data were found to be log-normally distributed and were electrical conductivity of the water was 0.68 dS m Ϫ1 and the log-transformed for statistical analyses. Statistical differences sodium absorption ratio was 2.34. A syringe was used to apply were declared significant at the ␣ ϭ 0.05 level. bentonite slurry, mixed at an 8:1 ratio of bentonite to water, to seal the samples along the core walls and plug visible macropores on the core surface. The purpose of sealing was to
RESULTS AND DISCUSSION
remove boundary flow along the core edge and to evaluate the
Soil Water Retention
effects of treatments on the soil matrix excluding macropores since these disappear with depth (Blanco-Canqui et al., 2002) .
Soil water retention as a function of soil water presThe constant head method was used for K sat determination, sure was different among treatments for the 0.0-kPa while the falling head method was used on some samples with pressure ( Table 2 ). The row crop vs. others contrast was very low K sat values (Klute and Dirksen, 1986 ). different at both 0.0 and Ϫ0.4 kPa, while the grass bufSoil cores were resaturated for water retention measurements. Water retention was measured in funnels with ceramic fer vs. agroforestry buffer contrast was not different for plates at Ϫ0.4, Ϫ1.0, Ϫ2.5, Ϫ5.0, Ϫ10, and Ϫ20 kPa soil water any soil water pressure. The water contents at 0.0 and pressures (Klute, 1986) . Soil cores were air dried at 35ЊC to Ϫ0.4 kPa were higher (3%) for the two buffer treata constant weight. A subsample was oven-dried to determine ments compared with the row crop treatment. Scott and water content that was used in determining soil bulk density. Wood (1989) found that 12 to 30 years of tillage of a Bulk density was calculated using the air-dried core mass, the Crowley silt loam (Albaqualf) lowered water retention water content from the oven-dried subsample, and the core at Ϫ10 kPa soil water pressure when compared with a volume. Air-dried cores were sliced into cross-sections for furvirgin prairie and 1 yr of tillage. Messing et al. (1997) ther measurement at the Ϫ33 kPa soil water pressure (Klute, 1986) . The Ϫ33-kPa pressure retention was measured using found no differences in soil water retention between soil aggregates in pressure chambers. grass pasture and trees for a high clay content soil, while
The capillary rise equation was used to estimate effective soil under tree management had higher soil water repore sizes from water retention measurements (Ghildyal and tention than soil under pasture for sandy-textured soils. Tripathi, 1987) . Pore sizes were divided into four classes: macThese findings support our observations in the current ropores (Ͼ1000-m effective diam.), coarse mesopores (60-to study.
1000-m effective diam.), fine mesopores (10-to 60-m effecThere were differences in soil water retention due to tive diam.), and micropores (Ͻ10 m effective diam.; Andersoil depth for all measured soil water pressures (Tason et al., 1990) . The saturated core water content at 0 kPa soil water pressure was used to determine total porosity. ble 2). Generally, soil water content for a selected pressure was higher in the 0-to 10-cm depth compared Statistical Analysis with the 10-to 20-cm depth for soil water pressures Ͼ Ϫ20 kPa. Differences in total soil porosity (higher poHomogeneity of variance tests were conducted to check for variability within treatments for each soil hydraulic property rosity in the surface depth compared with the second depth, Table 3 ) were a possible reason for this result. at the fourth depth (Fig. 2D ). This was probably because There was an increase in water content from the second of more soil erosion in the row crop treatment and a through the fourth soil depth for all soil water pressures.
subsequently shallower depth to the claypan horizon, This was probably because of the increase in clay conwhich resulted in higher soil water contents at these tent through these subsoil horizons (Table 1 ). There pressures. were interactions between treatment and soil depth for soil water pressures Ͼ Ϫ5.0 kPa, while there were no
Pore-Size Distributions
interactions at lower soil water pressures. These interacBuffer treatments and soil depth had effects on total tions were due to the lower soil water contents at shallow porosity and coarse mesoporosity (Table 3) . Soil depth depths for the row crop treatment but higher water also had an effect on fine mesoporosity and microporoscontents at deeper depths for this treatment compared ity. The row crop vs. others contrast indicated that the with the buffer treatments. This was because of more buffer treatments had more total porosity and coarse erosion for the row crop treatment and a subsequent mesoporosity compared with the row crop treatment. shallower depth to a higher increase in clay content for Coarse mesoporosity was also greater in the agroforestry this treatment.
treatment compared with the grass buffer treatment. Differences among treatments for specific soil depths More root development under the buffer treatments and are shown in Fig. 2 . For the first soil depth, higher soil their subsequent effect on pore volume probably caused water content was present for the two buffer treatments this increase. compared with the row crop treatment for the 0.0-and In Iowa, five times greater infiltration was found in Ϫ0.4-kPa pressures ( Fig. 2A) . Water content for the grass soils under multispecies riparian buffers compared with buffer treatment was higher compared with the row a crop site; this increase was attributed to a larger numcrop treatment for the Ϫ1.0-kPa pressure at this depth ber of macropores (Bharati et al., 2002) . Root decay ( Fig. 2A) . These results were possibly due to more root and soil fauna activity were responsible for the developdevelopment in the buffer treatments with subsequent ment of more macropores under silver maple. Gray (1973) higher porosity compared with the row crop treatment.
observed three to six times greater infiltration under Water content at the 0-kPa pressure was higher for the forest cover compared with row crop management, and agroforestry buffer treatment compared with the row he attributed these differences to increased porosity. crop treatment in the 0-to 30-cm depth ( Fig. 2A-C) .
Results obtained from the current study are similar to The row crop treatment had higher water content from Ϫ1.0 to Ϫ20 kPa compared with the buffer treatments previous studies in terms of greater increases in porosity for buffer treatments; however, significant increases in depth. Total porosity in the agroforestry buffer treatment was also found to be greater compared with the macroporosity were not found probably due to variability among replicates. No differences among treatments row crop treatment for the first three soil depths; however, porosity in the row crop treatment was higher than were found for macroporosity, fine mesoporosity, and microporosity.
the grass buffer treatment for the fourth soil depth. Differences among treatments for coarse mesoporosity Soil depth had an effect on all pore-size classes except for macropores (Table 3) . Porosity decreased from the also existed (Table 3 , Fig. 3B ). Coarse mesoporosity was greater in the buffer treatments compared with the row surface depth to the second depth for all pore-size classes except for microporosity. This was because of an 11% crop treatment for the first soil depth. The agroforestry buffer treatment had greater coarse mesoporosity comincrease in bulk density from the first to the second depths (Table 4) . There was an increase in porosity with depth pared with the row crop treatment for all soil depths. No differences existed among treatments for macrofrom the third to the fourth depths for all size classes except for macroporosity and coarse mesoporosity. Miporosity, fine mesoporosity, and microporosity for all four depths (Table 3 ; Fig. 3A, 3C, 3D) . Carter et al. (1994) croporosity increased as a function of depth probably due to increasing clay content with depth for this soil observed lower fine mesopores and micropores (Յ50-m diam.) on one orchard grass (Dactylis glomerata L.) culti- (Table 1 ). There was an interaction between treatment and depth only for total porosity. This interaction was var compared with two tall fescue (Festuca arundinacea) cultivars in Charlottetown fine sandy loam. In the study due to the lower porosity at shallow depths for the row crop treatment but higher porosity at deeper depths for by Obi (1999) , 5-yr-old grass treatments increased macroporosity (Ն50-m diam.) by 21.1%, while this treatthis treatment compared with the buffer treatments.
Porosity values for the buffer treatment and soil depth ment decreased microporosity by 13.6%, compared with a bare soil treatment with a Paleustult soil. These results combinations are presented in Table 3 . Total porosity was different among treatments for all four depths. Toare different than our findings since we were unable to find increases in macroporosity for the buffer treatments. tal porosity for the two buffer treatments was 9% higher than porosity in the row crop treatment for the first Messing et al. (1997) examined macroporosity for two for a Typic Tropohumults soil (Fisher, 1995 Obi, 1999) . Since trees in the current study at the 0.05 probability level.
are young (6 yr old), the effects on deeper soil horizons have not yet been expressed. It is anticipated that, as high-clay-content soils and three high-sand-content soils trees mature and their roots occupy more soil volume, under 30-yr-old trees and a grass pasture site. They found greater changes in porosity will occur both in shallow no increase in macroporosity for the high clay soils under and deeper soil horizons. trees as compared with grass pasture. This result supports observations in our study. They did find increases in macroporosity under forest management for the three Saturated Hydraulic Conductivity sandy-textured soils. Cadisch et al. (2004) , Dierolf et al. There were differences in K sat among treatments, soil (1997), and van Noordwijk et al. (1991) indicated that depths, and treatment ϫ depth interactions. The K sat was trees are often found to increase macroporosity, an afhigher for the agroforestry and grass buffer treatments fect which also influences nutrient mobility under agrocompared with the row crop treatment (Table 4 ). The forestry management systems. In contrast to our results, K sat for the agroforestry treatment was three times higher studying 10-yr-old grass hedges, Rachman et al. (2004) compared with the grass buffer treatment, and 14 times concluded that warm-season grasses increased macrohigher compared with the row crop treatment. The K sat porosity compared with row crop areas in the top 20 cm decreased from the first depth to the second due to an of a deep loess soil (Typic Hapludoll). Trees may have increase in bulk density (Table 4 ). The lowest values an effect on porosity at deeper soil depths compared with were measured in the fourth depth because of the higher grasses due to their root distribution patterns. Studyconcentration of smectitic clay in this horizon. ing root distributions of oaks in Missouri, Udawatta and The K sat was higher for the agroforestry buffer treat- Henderson (2003) found approximately 22% of the ment compared with the grass buffer and row crop treatroots in the 50-to 150-cm depth within a 150-cm profile.
ments for all depths except the second depth, where it In contrast, grass roots have shallower depth distribuwas only higher than the grass buffer treatment (Table 4 , tion patterns. Fig. 4B ). The large difference in K sat for the fourth depth among treatments is probably due to the differences in
Bulk Density
soil erosion for the row crop area and subsequent sampling within the claypan horizon for this treatment for the Differences in bulk density occurred among treat-30-to 40-cm depth. The K sat for the grass buffer treatments and soil depths. Interactions between treatments ment was not different from the row crop treatment for and soil depth also occurred (Table 4) . Bulk density was lower for the buffer treatments compared with the row all depths. Obi (1999) measured nearly six times greater K sat for a 5-yr-old grass compared with bare soil (316.7 across depths) compared with the row crop treatment (1.33 g cm Ϫ3 ). Differences in bulk density among treatvs. 54.1 mm h Ϫ1 ). Results from this study show similar increases in measured K sat . ments existed for the first two sampling depths, but not the lower two depths. The K sat values for the agroforestry buffer treatment were higher than those of the other CONCLUSIONS two treatments for the first, third, and fourth sampling depths. This study was conducted to test the hypothesis that Total porosity data from this study show that grass agroforestry and grass buffer strips improve soil hydraubuffer and agroforestry buffers after six years can store lic properties compared with a row crop treatment. Soil more water (0.9 and 1.1 cm, respectively) in the upper water retention, pore-size distribution, bulk density, and 30 cm of soil compared with the row crop treatment. K sat were compared for the three treatments at four
While these values are not large, they do indicate the adsoil depths.
vantage of these plants in a buffer system. In terms of The row crop treatment had lower water content than runoff reduction, the main advantage of these buffers the two buffer treatments at 0 and Ϫ0.4 kPa soil water probably occurs due to increased transpirational water pressure. These differences were attributed to the enuse by the buffer plants especially during fallow periods hanced porosity created by the buffer treatments. The (data not included). agroforestry buffer (0.53, 0.096 m 3 m Ϫ3 ) and the grass From these results, it is apparent that the agroforestry buffer (0.52, 0.085 m 3 m
Ϫ3
) treatments had greater total and grass buffer treatments do influence some soil hyporosity and coarse mesoporosity (pores 60-1000 m draulic properties in claypan soils. It is possible that in diam.) than the row crop treatment (0.51, 0.068 m 3 water may infiltrate the agroforestry buffer treatment m Ϫ3 ). For bulk density, buffer treatments had a lower value (1.30 g cm
, both buffer treatments averaged better compared with the row crop treatment. If this
